The ultrasound radiation force has been used for noncontact excitation of devices ranging from microcantilevers to acoustic guitars. For ultrasound radiation force excitation, one challenge is formation of standing waves between the ultrasound transducer and the device under test. Standing waves result in constructive/destructive interference causing significant variations in the intensity of the ultrasound field. The standing-wave induced intensity variations in the radiation force can result from minor changes in the transducer position, carrier frequency, or changes in the speed of sound due to changes in ambient temperature. The current study demonstrates that by randomly varying the ultrasound carrier frequency in packets, it is possible to eliminate the negative consequences resulting from the formation of standing waves. A converging ultrasound transducer with a central frequency of 550 kHz was focused onto a brass cantilever. The 267 Hz resonance was excited with the ultrasound radiation force with a carrier frequency that randomly varied between 525 kHz to 575 kHz in packets of 10 cycles. Because each packet had a different carrier frequency, the amplitude of standing wave artifacts was reduced by a factor of 20 compared to a constant frequency excitation of 550 kHz.
I. INTRODUCTION
Recent studies have demonstrated that ultrasound radiation force excitation 1, 2 can be used as a noncontact alternative to mechanical excitation for a wide range of devices in air ranging from reed organ pipes, 3 to hard drive suspensions, 4 microcantilevers, 5 and the face of an acoustic guitar. 6 In water, ultrasound radiation force excitation has been used for detection of flaws in composite plates, 7 materials properties, 8 and for medical imaging. [9] [10] [11] For ultrasound radiation force experiments, a pair of ultrasound frequencies are emitted by a transducer. These two frequencies are symmetric around a carrier frequency, and the ultrasound radiation force causes excitation at the difference frequency between the sidebands.
In experiments that use ultrasound radiation force for excitation, one problematic issue is the development of standing waves between the transducer and the device under test. Development of standing waves can cause the amplitude of vibration resulting from the radiation force to vary by nearly a factor of two. 12 For standing waves, the difference between constructive and destructive interference occurs when there is a variation of a quarter of the ultrasound wavelength between the transducer and the surface of the device under test. Thus, minor changes in the transducerto-device spacing or carrier frequency can lead to transitions from constructive to destructive interference. Substantial changes in amplitude can also result from minor variations in the ambient temperature, because the speed of sound in air is a function of temperature. This temperature dependence leads to both short-duration fluctuations and long-term drifts in the vibration amplitude.
In previous experiments, several methods have been used to eliminate standing wave formation between an ultrasound transducer and surface. One method was to orient the ultrasound transducer at an angle relative to the surface. 13 The difficulty with this technique is that it only works if the device under test is planar; for other devices, portions of the device may reflect ultrasound back to the transducer, which is a situation that allows standing waves to develop. Alternately, to mitigate the problem of standing waves for ultrasound experiments in water, recent studies have used variations in the ultrasound waveform, including chirp variation in the ultrasound carrier frequency, 12 random variations in the carrier frequency, 14, 15 or phase-shift variations. 16 These methods for varying the carrier waveform result in discontinuities in the waveform or its time derivative, which may lead to artifacts when they are used to drive the ultrasound transducer.
The current study describes a technique that uses variations in the carrier frequency to eliminate standing waves without introducing discontinuities in the waveform or its time derivative. In this technique, the carrier frequency is randomly chosen within a specified range, and this carrier frequency is maintained for an integer number of carrier cycles. This can be thought of as a single packet with a constant carrier frequency; at the end of an integral number of carrier cycles in this packet, a new carrier frequency is selected. Because each of these packets has a different carrier frequency, there is not a systematic constructive or destructive interference between successive packets or their reflections.
In addition to eliminating the transducer position and carrier frequency sensitivity, carrier frequency packets effectively eliminate amplitude variations and drift that are commonly observed in radiation force experiments in air. Measurements in the current study indicate that these are likely due to a) Author to whom correspondence should be addressed. Electronic mail:
huber@gac.edu temperature/density fluctuations of the air that can result from localized air currents. These variations in the amplitude of vibration are observed with timescales anywhere from fractions of a second to several hours. 17 These vibration amplitude variations have not been discussed in previous experiments performed in water. 12, [14] [15] [16] It is likely that the volumes used in water-based experiments are more homogeneous in temperature and density than air inside of a room.
II. THEORY
A. Ultrasound radiation force excitation in air
As with many ultrasound radiation force excitation applications, 18 a single ultrasound transducer produces a dual sideband-suppressed carrier (DSB-SC) velocity potential consisting of a pair of sine waves with frequencies of f a ¼ f c À f m /2 and f b ¼ f c þ f m /2 symmetric about a carrier frequency f c . [1] [2] [3] The acoustic radiation force is proportional to the square of the velocity potential. 1, 19, 20 Of importance for the current study is the component of the radiation force at the difference of the frequencies (alternately named the modulation frequency) f m ¼ (f b À f a ). The conventional method for writing the velocity potential, U(t), of amplitude U 0 , as a function of time t for a DSB-SC waveform is
To better understand the algorithm used in the current paper, it is helpful to isolate the carrier and modulation frequencies by rewriting Eq. (1) in a mathematically equivalent form as
As detailed in Ref. 21 , the square of the DSB-SC velocity potential of Eq. (1) results in a radiation force F R (t),
where F S is a time-independent static radiation force, F D is the amplitude of the radiation force at the difference frequency f m , and F HF is the amplitude of the high-frequency terms in the radiation force. For the current experiment, where an ultrasound carrier frequency f c on the order of 550 kHz is used to excite audio-frequency resonances of a brass cantilever, these high-frequency components of the radiation force are in the MHz frequency range and are eliminated using a low-pass filter. The only time-varying component of interest for the current experiment is the radiation force component F(t) at the difference frequency f m ,
For the remainder of this paper, discussions of the radiation force will refer only to this time-varying component with frequency f m . The amplitude, F D , of this radiation force depends on a number of factors, including the magnitude of the intensity of the ultrasound incident on the surface, as well as specific characteristics of the surface. The effects of standing waves manifest themselves by substantial variations in F D caused by changes in ambient air temperature, carrier frequency, and transducer to device separation.
B. Random carrier frequency packets
Instead of keeping a constant carrier frequency, in the current experiment, the carrier frequency is randomly changed while keeping the modulation frequency, f m , constant. The result is a series of "packets," each with a different carrier frequency. Because the carrier frequencies of packets are not correlated, the reflected waves do not add constructively or destructively to form standing waves. In particular, the following algorithm is used to generate waveforms:
1. Before waveform generation begins, a central carrier frequency f 0 and frequency range f W are specified; the carrier frequencies used for the waveform are randomly selected in the range
. The other parameter specified is the integer N C , which is the number of cycles in each packet generated before a new carrier frequency is selected. 2. The time variable is initialized to t ¼ 0. The starting time for each packet is specified by t 0 , so for the first packet, t 0 is initialized to 0. 3. At the start of each packet, which occurs at a time t 0 , a frequency f c is randomly chosen in the range from
is calculated. This insures that at time t ¼ t 0 , the total phase of the carrier signal 2pf c t þ / c 0 is zero at the start of each packet. 5. The waveform is generated
When the time interval of Dt 0 ¼ N C /f c has elapsed following a frequency change, a total of N C cycles of the carrier frequency f c will have been generated in the packet, and the total phase of the carrier signal will once again be zero. The start of the next packet will be at a new time given by adding Dt 0 to the previous packet start time; thus t 0 is replaced by t 0 þ Dt 0 . The program then returns to step 3 of the algorithm to select a new random frequency f c and continue the waveform generation process.
With this algorithm the frequency transitions occur at the peak of the cosine waveform. This insures that both the waveform and its time derivative are continuous when there is a frequency transition. Figure 1 shows a sample time series of the carrier waveform when N C ¼ 3; in other words, each packet has three full cycles at one carrier frequency, and then a jump to another frequency. To clearly illustrate the changes between packets in Fig. 1 , a dashed line has been included between packets, and the changes are accentuated by having the frequency change by about a factor of 2 in each successive packet. In the actual experiments performed, the changes in frequency were not nearly as abrupt because the random change in frequency was less than 10% of the carrier frequency. The signal that is sent to the transducer is the product of the carrier waveform by the sinusoidal modulation waveform, calculated according to Eq. (5).
III. EXPERIMENT SETUP
To produce the ultrasound, a MicroAcoustic Instruments (Gatineau, Quebec, Canada) broadband air-coupled ultrasound transducer with a focal length of 70 mm, 10 mm depth of field, and a spot diameter of about 2 mm was used. The ultrasound transducer had a center frequency of about 550 kHz with a bandwidth of over 300 kHz, 17 so its response is essentially flat over the frequency range used for this experiment. The transducer was mounted on a Newport 423 translation stage (Irvine, CA) that was moved using a computer-controlled Zaber Technologies Incorporated, T-NA08A25 linear actuator (Vancouver, British Columbia, Canada) with 0.05 lm resolution. The transducer was focused at normal incidence near the free end of an 8.0 mm Â 29.4 mm Â 0.1 mm brass cantilever clamped at one end. The cantilever used for the experiment had a fundamental frequency of 267 Hz and Q-factor of 215 6 5.
Waveforms were output from a 4-channel Strategic Test UF2e-6022 60 MHz Arbitrary Waveform Generator PCI express board (Stockholm, Sweden). The DSB-SC waveform generated for the ultrasound transducer had a 800 ms duration, a sampling rate of 60 MSamples/s, and a modulation frequency of f m ¼ 267 Hz. This waveform was produced using a Microsoft VISUAL Cþþ program to calculate either Eq. (2) for a fixed carrier frequency or Eq. (5), and the algorithm described in Sec. II B for random carrier packets. This 800 ms waveform was uploaded to the Strategic Test board and was repeatedly cycled through one of the DAC board output channels. This waveform was amplified using an ENI-240L RF amplifier to about 70 Vrms. Another DAC output channel continuously cycled a simple cosine waveform of frequency f m ¼ 267 Hz; this cosine waveform was the reference signal for the lock-in amplifier.
To determine the vibration of the cantilever, a Polytec PSV-400 Scanning Laser Doppler Vibrometer (Waldbronn, Germany) was focused near the free end of the cantilever. The vibrometer was set to a 1 mm s À1 V À1 scaling; a 100 kHz low-pass filter eliminated signals due to vibrations near 550 kHz that were generated by the ultrasound sidebands and high-frequency radiation force terms that were in the MHz frequency range. The vibrometer analog output signal was routed into a Zurich Instruments HF2LI Lock-In Amplifier (Zurich, Switzerland) with a 71 ms time constant; the reference signal was the f m ¼ 267 Hz cosine signal produced with the Strategic Test DAC board. The lock-in amplifier was used to sample each measurement of vibration amplitude multiple times with a time delay between each sample that was equal to twice the time constant. The mean and standard deviation of the multiple samples were calculated in the complex plane; plotted data points in subsequent graphs were the mean and standard deviation of the average magnitude of the vibration amplitude.
The experiment was performed in a laboratory that has double-wall construction to acoustically isolate this room from external noise sources. The air handling system for this room continuously circulated a small volume of air through floor vents, with increased heated airflow when requested by the room thermostat. The temperature in the room was monitored in several locations using National Semiconductor LM35 Precision Centigrade Temperature Sensors (Santa Clara, CA). The room averaged 20.5 6 0.5 C, with excursions from the average up to about 1 C depending on the state of the air-handling system. To eliminate air currents and temperature fluctuations, a 0.59 m Â 0.59 m Â 0.55 m corrugated cardboard box could be placed over the optical isolation table where the experiment was set up; this would enclose the transducer and cantilever. The only opening in this enclosure where air could be exchanged was a 30 mm square cutout where the vibrometer beam entered. The temperature inside the enclosure was monitored with a LM35 temperature sensor located 20 mm from the cantilever.
IV. RESULTS
A. Standing wave effects resulting from variations in ambient air temperature
The resonance frequency of the brass cantilever was measured using the vibrometer, with excitation from a mechanical shaker, to be 267 Hz with a Q-factor of 215 6 5. An ultrasound excitation measurement was also performed with the carrier frequency fixed at f c ¼ 550 kHz; for this preliminary measurement the transducer was mounted at roughly a 45 degree angle relative to the surface to minimize formation of standing waves. As with previous studies, 3 the ultrasound excitation and mechanical shaker gave the same values, within experimental uncertainty, for the resonance frequency and Q-factor.
The transducer was then repositioned such that it was normal to the surface; this was a situation that allowed formation of standing waves. Figure 2 shows repetitive measurements of the 267 Hz velocity amplitude; for this figure, each data point was an average of three samples, and data points were taken every 2 s. In Fig. 2(a) , the carrier frequency was kept constant at f c ¼ 550 kHz without any random jumps in frequency. This plot showed a number of significant fluctuations due to temperature variations and air currents in the room. To demonstrate that temperature variations were the source of these fluctuations, in Fig. 2(b) , the cardboard enclosure was placed over the apparatus to isolate it from air currents. After about 1 h, the air temperature measured in the enclosure reached a steady value. The velocity amplitude fluctuations observed in Fig. 2(a) were greatly reduced in Fig. 2(b) because the enclosure virtually eliminated air currents and temperature changes during the duration of the run. While this enclosure reduced short-term amplitude variations, there were still long-term drifts that occurred over the course of several hours due to changes in room temperature, such as when the building's air-handling regulation changed between daytime and nighttime requirements. Standing waves were not eliminated by placing the enclosure over the apparatus; instead the enclosure reduced the fluctuations and drift in the vibration amplitude that were due to air currents and temperature changes.
The random carrier packet method was used to eliminate the standing waves and the resulting fluctuations in vibration amplitude. For the data set shown in Fig. 2(c) , the cardboard enclosure was removed so the apparatus experienced the same type of temperature fluctuations that were present in Fig. 2(a) . The carrier frequency packets were generated in a range of f W ¼ 50 kHz around the central carrier frequency of f 0 ¼ 550 kHz using the algorithm described in Sec. II B. During each packet, the carrier frequency was held constant for N c ¼ 10 complete cycles of the carrier. Because standing waves did not form, the fluctuations present in Fig. 2(a) were eliminated using this method. Figure 3 shows an even more dramatic demonstration of the efficacy of using random carrier packets to suppress the temperature-dependent standing wave variations. For these plots, the enclosure was placed over the apparatus along with a 40 W incandescent light bulb to heat the air inside the enclosure. When the temperature in the enclosure reached about 25 C, the bulb was turned off, and the temperature and amplitude of vibration of the cantilever were recorded every 2 s. After about 1 h, the temperature decreased to about 22 C. In Fig. 3(a) , the carrier frequency was kept constant, so standing waves between the transducer and cantilever formed. As the temperature decreased, the amplitude of the vibration of the cantilever varied by nearly a factor of two due to changes from constructive to destructive interference. Using the speed of sound as approximately v ¼ 331.3 þ 0.6T C where T C is the temperature in centigrade, 22 a temperature change of about 1.3 C would result in a change of a quarter of a cycle of a 550 kHz frequency in the 70 mm distance between the cantilever and transducer. The data set in Fig. 3(a) was in qualitative agreement with this prediction because it showed cycles of constructive to destructive interference that occurred when the temperature dropped a few degrees Celsius. The asymmetry in this curve and the fact that the temperature difference between minima and maxima was less than 1.3 C may be due to the non-equilibrium nature of this cool down experiment. Particularly at the start of the cool down period when the temperature was changing most rapidly, the sensor response time likely resulted in a lag between actual air temperature and the sensor's temperature reading.
The same thermal cycle was performed to produce the data set shown in Fig. 3(b) ; instead of using a constant carrier frequency, random carrier frequency packets (f 0 ¼ 550 kHz, f W ¼ 50 kHz, N c ¼ 10 cycles) were used for the waveform. Because standing waves did not develop, the cyclic variations in constructive and destructive were not present, and only a weak temperature dependence was observed. The use of random carrier packets minimized the extreme sensitivity of radiation force excitation to ambient temperature.
B. Standing wave effects resulting from changes in transducer position
Previous experiments in water have shown that standing wave interference resulted in substantial changes in pressure distributions when the spacing between the transducer and device under test was changed. Figure 4 demonstrated similar variations of the radiation force applied to the cantilever in air as the transducer position was varied by a small amount. The transducer was mounted on a computer-controlled linear translation stage at a nominal spacing of 70 mm between the transducer and the cantilever. The cardboard enclosure was placed over the cantilever and transducer to minimize temperature related fluctuations. The carrier frequency was fixed at 550 kHz, and the distance between the transducer and cantilever was decreased by a total of 1 mm in 40 increments. This 1 mm displacement was significantly smaller than the depth of field of the transducer; so, absent the formation of standing waves, the intensity of the ultrasound produced was constant over the range of displacement. At each transducer position, the amplitude of the cantilever vibration was sampled 15 times, and the average amplitude as a function of transducer displacement was plotted in Fig. 4(a) . The graph clearly showed a cyclical variation in response similar to prior measurements of standing waves in water. 12, [14] [15] [16] For standing waves, the displacement required for a transition from constructive to destructive interference was a quarter the wavelength of the ultrasound carrier, in this case k/4 ¼ (343 m/s)/(4 Â 550 kHz) ¼ 156 lm. The variation of 164 6 7 lm between maxima and minima observed in Fig. 4(a) was consistent with the result expected for standing wave interference variations.
In previous works, 12, 15, 16 the effectiveness of suppression of standing waves was calculated using the standing wave ratio
where p max , p min , and p ave are the maximum, minimum, and average pressure measured at locations in water. For the current experiment, a similar ratio was calculated using the maximum, minimum, and average amplitudes of the vibration. For the measurements displayed in Fig. 4(a) , the standing wave ratio was R ¼ 0.51 6 0.07. As shown in Fig. 4(b) , the variations due to standing wave interference were virtually eliminated when random carrier frequency packets were used instead of a constant carrier frequency. For this plot, the standing wave ratio was R ¼ 0.018 6 0.002, a reduction by a factor of 28 6 5 from the case where the carrier frequency was constant. This plot shows that the amplitude of the response was nearly constant over the measured displacement of 1 mm. Thus, the use of random carrier packets to eliminate standing waves minimizes the sensitivity of ultrasound radiation force experiments to the transducer-to-device spacing.
C. Standing wave effects resulting from changes in carrier frequency
When standing waves formed between the transducer and surface, another negative effect was significant variations in the vibration amplitude as the carrier frequency was changed. For Fig. 5(a) , the enclosure was placed over the apparatus to minimize temperature related fluctuations. The modulation frequency f m was fixed at 267 Hz, and the carrier frequency was stepped from f C ¼ 545 to 555 kHz. For each carrier frequency, 15 samples of the vibration amplitude were averaged. The periodic variation observed in Fig. 5 (a) were due to constructive and destructive interference as the carrier frequency was varied. For a 70 mm distance between the transducer and cantilever surface, and a carrier frequency in the vicinity of 550 kHz, the frequency change needed to add a quarter cycle of the carrier between the transducer and surface can be calculated to be 1.3 kHz. This was consistent with the measured spacing of 1.23 6 0.05 kHz between maxima and minima on the graph. The standing wave ratio for this curve was R ¼ 0.53 6 0.08. In Fig. 5(b) , the sensitivity to carrier frequency was minimized with the use of carrier frequency packets. For this curve, the carrier packet parameters, N c ¼ 10 and f W ¼ 50 kHz, were held constant, and the central carrier frequency was stepped from f 0 ¼ 545 to 555 kHz. This use of carrier frequency packets led to a reduction by a factor of 20 6 3 in the standing wave ratio between Fig. 5(a) and the R ¼ 0.026 6 0.002 value for Fig. 5(b) .
To determine optimal values for the carrier packet parameters N c and f W , the carrier frequency measurements shown in Fig. 5(b) were repeated numerous times using different parameters. Tests were performed for many frequency widths, f W , ranging from 1 kHz to 800 kHz. 17 For widths f W smaller than about 3 kHz, the carrier frequencies of the packets were close enough that there was little reduction in the standing wave ratio from the value measured with a constant carrier frequency. Frequency widths from f W ¼ 5 kHz up to about f W ¼ 25 kHz gave partial cancellation of the standing wave effects, and using a random carrier width of larger than about f W ¼ 50 kHz did not significantly reduce the standing wave ratio beyond the results discussed in the current study. However, when the frequency width was larger than about 200 kHz, there was a significant reduction in amplitude of vibration of the cantilever because of the bandwidth of the transducer. It was also found that packet widths of anywhere from N c ¼ 2 to N c ¼ 100 gave nearly identical results. Therefore there was a broad range of packet parameters that effectively suppressed the formation of standing waves.
Other tests were performed to demonstrate that the random carrier packet technique was generally applicable. The same carrier packet parameters (f 0 ¼ 550 kHz, f W ¼ 50 kHz, and N c ¼ 10) were used to suppress standing wave effects (temperature, transducer displacement, and carrier frequency dependence) for higher-order resonance frequencies of this cantilever at up to f m ¼ 68 kHz and for other brass cantilevers. 17 The same technique was used to suppress these effects when the device under test was the face of a classical guitar 6 with resonance frequencies ranging from 100 Hz to 3 kHz.
V. CONCLUSIONS
When using radiation force excitation in air with a constant carrier frequency, it was shown that formation of standing waves caused a critical sensitivity to variations in the transducer-sample spacing and carrier frequency used, as well as temperature dependent variations and drifts in response. The use of carrier frequency packets described in the current study effectively eliminated formation of standing waves, which mitigates the temperature dependence and related problems. This elimination of standing waves using random carrier packets greatly improves the repeatability of the radiation force excitation technique without reliance on precise device positioning and temperature control.
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